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SECTION  I 


INTRODUCTION 

Meteoric  particles  on  entering  the  earth’s  atmosphere  produce  incandescence  and  an 
ionization  trail  extending  along  the  path  of  the  meteor  at  altitudes  between  approximately 
80  and  120  km. 

Radar  echo  returns  from  meteor  trails  can  give  rise  to  false  targets  which,  in  turn, 
could  result  in  a  serious  clutter  problem.  For  extremely  high-powered  radars,  meteor 
echoes  can  be  received  in  the  sidelobes  as  well  as  in  the  main  antenna  beam. 

In  this  report,  the  characteristics  of  HF  radar  echoes  from  high  density  (overdense) 

14 

ionization  trails,  i.  e. ,  line  density  is  greater  than  10  electrons/m,  are  discussed. 

Theoretical  estimates  are  made  of  the  radar  cross  section  and  the  time  duration  of 
overdense  meteor  echoes  utilizing  the  theoretical  models  hypothesized  by  Eshleman  (1955, 
1957).  The  doppler  frequency  shifts  of  meteor  echoes  imposed  by  ionospheric  winds  are 
also  evaluated. 

From  the  radar-meteor  observations  at  32-MHz  by  Greenhow  and  Watkins  (1964),  an 
extrapolation  is  made  of  the  cross-sectional  area,  time  duration  and  meteor  echo  rate  for 
frequencies  in  the  HF  band. 
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SECTION  II 


THEORETICAL  CONSIDERATIONS 


2.  1  RADAR  CROSS  SECTION 


Radar  pulses  backscattered  from  meteoric  ionization  are  aspect  sensitive  in  that 
the  maximum  intensities  are  returned  when  the  direction  of  propagation  is  orthogonal  to  the 
trail.  The  reflection  process  is  assumed  to  take  place  at  the  surface  of  the  ionization  trail 
where  the  condition  of  critical  reflection  is  satisfied,  i.  e. ,  the  frequency  of  the  incident 
radiation  is  equal  to  the  plasma  frequency  of  the  trail. 

According  to  Eshleman's  et  al.  (1957)  scattering  theory,  the  maximum  backscattering 
cross-sectional  area  at  the  long  wavelengths  (\  >  3  m)  is  given  by 


<tq1  (max) 


(2-1) 


—28  2 

where  a-  is  the  radar  cross  section  of  an  electron  (10  m  ),  q  is  the  line  density  (in 
electrons/m,  X.  is  the  wavelength  (in  m)  and  Rq  is  the  perpendicular  distance  from  the 
radar  to  the  meteor  trail  (in  m). 


Figure  2-1  is  a  plot  of  the  radar  cross  section  of  overdense  meteor  trails  as  a  function 
of  elevation  angles  for  frequencies  in  the  HF  band,  the  calculations  being  based  on  an  as¬ 
sumed  q  =  1014  electrons/m  and  meteor  altitude  of  95  km.  It  is  seen  that,  for  propaga- 

6  2 

tion  along  the  horizon,  the  cross  section  varies  between  approximately  2.6  x  10  m  and 
1.  7  x  107  m2  at  40  MHz  and  6  MHz,  respectively,  and  that,  the  cross  section  decreases  by 
an  order  of  magnitude  at  an  elevation  angle  of  70°. 


2.  2  TIME  DURATION 


According  to  Eshleman  (1955),  assuming  that  the  meteor  trail  is  an  infinitely  long  right 
circular  cylinder  and  that  the  column  of  electrons  expands  by  normal  diffusion  in  a  Gaussian 
distribution,  the  amplitude-time  dependency  of  a  reflected  signal  at  the  long  wavelengths  is 
of  the  form 


A2  =  A2 
o 


t  fn 


2  1/2  “*  1//2 
X  qtTe 
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8 7T  '  Dt 


(2-2) 


where  Aq  is  the  maximum  amplitude  and  D  is  the  ambipolar  diffusion  coefficient  (in  m  /s). 
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Figure  2-1.  Overdense  Meteor  Cross  Section  at  an  Altitude  of  95  km 


As  shown  in  Figure  2-2,  the  radar  cross  section,  i.  e. ,  signal  amplitude,  increases 
with  time  to  a  maximum  value  and  then  decreases  to  zero. 


The  time  duration  of  overdense  meteor  trails  is  simply  the  total  duration  of  the  echo 
and  is  given  by 


o  I 


.2  1/2 

X.  q  c r 

8*^0 


(2-3) 


The  estimates  of  the  time  durations  as  a  function  of  altitude,  presented  in  Figure  2-3, 
are  based  on  Greenhow's  and  Neufeld's  (1955)  model  for  the  ambipolar  diffusion  coefficient 
which  is  expressed  by 

logjO  D  -  0.  0679h  -  5.  663  (2-4) 

where  h  is  the  altitude  of  the  meteor  column  (in  km). 

It  is  evident  that  the  meteor  echo  duration  increases  with  decreasing  altitude  and 
increasing  line  density.  For  an  ionization  altitude  of  95  km  and  line  density  of  1014 
electrons/m,  the  duration  of  overdense  meteor  echoes  at  6  MHz  evaluates  to  2.  9  s  while, 
at  40  MHz,  it  decreases  to  about  0.66  s. 

2.3  DOPPLER  FREQUENCY  SHIFT 

The  doppler  frequency  shift  encountered  by  radio  waves  incident  on  meteoric  ioniza¬ 
tion  is  mainly  due  to  the  wind  motions  in  the  ionosphere. 

Assuming  that,  at  a  given  altitude,  the  ionospheric  wind  velocity  is  Rayleigh  distri¬ 
buted  and  the  angular  orientation  of  the  wind  in  a  plane  parallel  to  the  tangent  plane  at  the 
earth's  surface  is  uniformly  distributed,  it  follows  that  the  probability  density  function  of 
the  doppler  frequency  shift  is  Gaussian  with  a  mean  doppler  of  zero. 

It  can  be  readily  shown  that  the  standard  deviation,  <r,  of  the  Gaussian  distributed 
doppler  frequency  shift  can  be  expressed  by 
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TIME  DURATION  FOR  q  =  10  ELECTRONS/m  (sec) 
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Figure  2-3.  Time  Duration  of  Overdense  Meteor  Trail  Echoes  at  HF 


where  V  is  the  mean  wind  velocity,  rQ  is  the  earth’s  radius  (6371  km),  h  is  the  meteor  ion¬ 
ization  altitude,  and  E  is  the  elevation  angle  to  the  meteor  trail  as  measured  from  the 
horizon.  The  derivation  of  this  relationship  is  presented  in  Appendix  A. 

The  estimated  standard  deviation  and  the  upper  decile  (=?  1.  28  a)  of  the  dopplcr  fre¬ 
quency  shifts  at  6  MHz  and  40  MHz  for  winds  at  95  km  altitude  are  shown  in  Figures  2-4 
and  2-5,  respectively.  The  statistical  distribution  of  the  mean  ionospheric  wind  velocity 
was  deduced  from  the  experimental  measurements  summarized  by  Rao  (1965). 

According  to  Figure  2-4,  at  6  MHz,  the  upper  decile  doppler  frequency  shift  imposed 
by  ionospheric  winds  having  a  mean-median  velocity  of  80  m/s  eould  vary  between  approxi¬ 
mately  3.  0  and  3.  2  Hz  for  elevation  angles  less  than  20°.  At  40  MHz,  the  doppler  frequency 
shift,  for  the  same  conditions,  varies  between  20.  0  and  21.  3  Hz. 
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SECTION  III 


EXPERIMENTAL  MEASUREMENTS 

3.  1  SYSTEM  PARAMETERS 

A  study  of  radar  reflections  at  32  MHz  conducted  by  Greenhow  and  Watkins  (1964)  in 
England  in  the  fall  of  1961  can  be  directly  applied  for  estimating  the  characteristics  of 
meteor  echoes  at  other  frequencies  in  the  HF  band.  Radar  meteor  observations  were  also 
made  at  a  frequency  of  300  MHz,  the  32  MHz  data  being  used  to  assist  in  the  interpretation 
of  echoes  occurring  simultaneously  at  the  higher  frequency. 

The  parameters  of  the  HF  radar  equipment  used  in  the  Greenhow-Watkins  experiment 
are  given  in  Table  3-1.  The  meteor  data  were  collected  with  the  antenna  oriented  at  a  fixed 
azimuth  of  30°  east  of  north  and  at  an  elevation  angle  of  10°. 

TABLE  3-1 

GREENHOW'S  AND  WATKINS’  RADAR  PARAMETERS 


Frequency 

32  MHz 

Transmitter  Peak  Power 

7  kW 

Pulse  Length 

140  fi  s 

Pulse  Repetition  Frequency 

50  pulses/s 

Antenna  Diameter 

25  m 

Antenna  Beamwidth 

25° 

Antenna  Gain 

16  dB 

Cosmic  Noise 

15, 000°K 

3.  2  EXPERIMENTAL  RESULTS 

Figure  3-1  is  a  plot  of  the  mean  heights  of  the  300-MHz  echoes  as  a  function  of  the 
duration  time  of  the  coincident  32-MHz  echoes  and  the  approximate  values  of  the  meteor 
trail  line  density.  It  is  seen  that  the  line  density  increases  as  the  mean  height  increases 
which  is  contrary  to  meteor  theory  (Greenhow,  1963). 


Figure  3-1.  Mean  Heights  of  300-MHz  Echoes  as  a  Function  of  the  Time  Duration  of  the 
Coincident  32-MHz  Echoes  and  the  Approximate  Values  of  the  Meteor  Trail 
Line  Density  (After  Greenhow  and  Watkins,  1964) 
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According  to  Equation  (2-3),  the  line  density  is  directly  proportional  to  the  duration 
time.  However,  as  shown  in  Figure  3-2,  there  is  a  slight  deviation  of  the  line  density- 
duration  time  plot  from  a  linear  fit.  This  deviation  is  most  likely  due  to  the  fact  that  the 
data  are  based  on  meteor  echoes  recorded  at  all  altitudes  and  that  the  diffusion  coefficient, 
which  appears  in  Equation  (2-3),  is  altitude  dependent. 

The  meteor  cross-sectional  area  presented  in  Figures  3-3  and  3-4  as  a  function  of 
line  density  and  echo  duration,  respectively,  was  calculated  utilizing  Equation  (2-1)  with 
the  mean  altitude  data  of  Figure  3-1. 

A  histogram  of  the  echo  duration  of  the  32-MHz  echoes  which  correlated  with  the 
300-MHz  echoes  is  given  in  Figure  3-5. 

The  integration  of  the  area  under  the  histogram  of  Figure  3-5  results  in  the  cumula¬ 
tive  distribution  function  of  echo  duration  shown  in  Figure  3-6.  Utilizing  Figure  3-6  in 
conjunction  with  Figures  3-2  and  3-4,  it  follows  that  the  cumulative  distribution  function  of 
line  density  and  cross-sectional  area  can  be  readily  derived.  A  summary  of  the  statistical 
characteristics,  i.e. ,  lower  decile,  lower  quartile,  median,  upper  quartile  and  upper 
decile,  of  the  echo  duration,  line  density  and  cross  sectional  area,  as  obtained  from 
Figures  3-6,  3-7  and  3-8,  respectively,  are  summarized  in  Table  3-2. 

Figure  3-9  is  a  plot  of  the  diurnal  variation  of  the  meteor  rate  for  echoes  with  time 
durations  greater  than  1  s.  It  is  seen  that  the  rate  is  a  maximum  of  about  235  meteors/h 
in  the  early  hours  of  the  morning  and  a  minimum  of  about  40  meteors/h  in  the  evening. 
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Figure  3-2.  Line  Density  as  a  Function  of  Time  Duration  Based  on 
Greenhow's  and  Watkins'  Data  (1964)  at  32  MHz 
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Figure  3-5 


.  Time  Duration  Distribution  of  32-MHz  Echoes 
Which  Correlate  with  300-MHz  Echoes  (After 
Greenhow  and  Watkins,  1964) 


Cumulative  Distribution  Function  of  Meteor  Trail  Time  Duration  of 
32-MHz  Echoes  Which  Correlate  with  300-MHz  Echoes  Based  on 
Greenhow's  and  Watkins'  Data  (1964) 
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Cumulative  Distribution  Function  of  Meteor  Line  Density  Based  on 
Greenhow’s  and  Watkins’  Data  (1964)  at  32  MHz 


TABLE  3-2 

STATISTICAL  CHARACTERISTICS  OF  GREENHOW’S  AND  WATKINS' 

METEOR  DATA  AT  32  MHz 


Echo 

Duration 

(s) 

Line 

Density 

(Electrons/m) 

Cross 

Section 

(m2) 

Lower  Decile 

0.38 

14 

1.30  x  10 

1.38  x  106 

Lower  Quartile 

0.48 

14 

1.  75  x  10 

1.  63  x  106 

Median 

0.  85 

4.00  x  1014 

2.  53  x  106 

Upper  Quartile 

1.  20 

1.03  x  1015 

4.  70  x  106 

Upper  Decile 

7.  50 

8.  60  x  1015 

1.30  x  107 

Upper  Decile 
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EXTRAPOLATION  OF  EXPERIMENTAL  DATA 

Greenhow's  and  Watkins’  (1964)  32-MHz  meteor  data  can  be  used  as  a  base  for  pre¬ 
dicting  the  characteristics  of  meteor  echoes  at  other  frequencies  in  the  HF  band. 


According  to  Equations  (2-1)  and  (2-3),  the  meteor  cross  section  is  inversely  propor¬ 
tional  to  frequency  while  the  time  duration  is  inversely  proportional  to  the  square  of  fre¬ 
quency.  Utilizing  these  relationships,  it  is  then  possible  to  convert  the  Greenhow’s  and 
Watkins’  cross  section  and  time  duration  results,  shown  in  Figures  3-4,  3-6  and  3-8,  to 
frequencies  of  interest.  As  an  example,  the  cross  section-echo  duration  plot  of  Figure  3-4 
when  extrapolated  to  frequencies  between  6  MHz  and  40  MHz  results  in  Figure  4-1. 


Table  4-1  contains  the  statistical  characteristics  of  meteor  cross  section  and  echo 
duration  at  6  MHz  and  40  MHz  as  extrapolated  from  Greenhow's  and  Watkins'  (1964)  data.  It 
is  seen  that,  at  the  low  end  of  the  HFband,  50%  of  the  meteor  echoes  could  persist  for  times 
greater  than  about  24  s  while,  at  the  high  end  of  the  frequency  band,  the  time  durations  de¬ 
crease  to  about  0.  5  s. 


An  examination  of  the  system  parameters  given  in  Table  3-1  reveals  that  the  radar 
employed  by  Greenhow  and  Watkins  (1964)  observed  all  the  overdense  meteor  echoes.  Al¬ 
though  the  half -power  beamwidth  was  25°,  overdense  meteors  could  be  detected  as  far  down 
as  26. 15°  from  the  antenna  beam  axis.  This  calculation  which  is  discussed  in  Appendix  C 
was  based  on  the  following  assumptions:  (1)  the  system  sensitivity  was  set  by  the  cosmic 
noise  level;  (2)  an  SNR  of  10  dB  was  required  to  detect  the  minimum  (overdense  meteor) 
line  density  of  1014  electrons/m;  (3)  the  circular  antenna  wa&  uniformly  illuminated,  i.  e. , 
the  amplitude  and  phase  of  the  radiation  across  the  face  of  the  antenna  aperture  was  uni¬ 
form.  The  normalized  one-way  radiation  pattern  of  a  circular  antenna  is 

J1  (irD  sin  y/\) 

S«  -  2  (ttDstav/M  (4-X 

where  Jj  (ttD  sin  y /X)  is  the  Bessel  function  of  the  first  order,  D  is  the  diameter  of  the 
aperture,  X  is  the  transmitted  wavelength  and  y  is  the  angle  off  the  beam  axis. 


TABLE  4-1 

CROSS-SECTIONAL  AREA  AND  TIME  DURATION  OF  METEOR  ECHOES 
EXTRAPOLATED  FROM  GREENHOW'S  AND  WATKINS'  DATA  AT  32  MHz 


Frequency 

Statistics 

Cross  Section 
(m2) 

Echo  Duration 
(s) 

6  MHz 

Lower  Decile 

7.  36  x  106 

10.81 

Lower  Quartile 

8.  69  x  106 

16.65 

Median 

1.35  x  107 

24. 18 

Upper  Quartile 

2.  51  x  107 

34. 13 

Upper  Decile 

6.  93  x  107 

213.33 

40  MHz 

Lower  Decile 

1. 10  x  106 

0.  24 

Lower  Quartile 

1. 30  x  106 

0.31 

Median 

2.  02  x  106 

0. 54 

Upper  Quartile 

3.  76  x  106 

0.  77 

Upper  Decile 

1.  04  x  107 

4.  80 

•-  f 
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As  shown  in  Appendix  D,  the  area  in  the  meteor  band  formed  by  the  intersection  of  Ihe 
(Greenhow  and  Watkins)  antenna  beam  diameter  of  52. 3°  with  the  95-km  altitude  surface 
evaluates  to  approximately  4. 20  x  105  km2. 

In  deriving  the  overdense  meteor  echo  rate  that  could  be  observed  with  a  high- 
powered  HF  backscatter  radar,  it  is  necessary  to  determine  the  area  in  the  meteor  band 
being  illuminated  by  the  main  antenna  beam  and  sidelobes  since  the  meteor  rate  is  directly 
proportional  to  the  area.  It  is  assumed  that  the  radar  has  sufficient  sensitivity  to  detect 
meteoric  ionization  in  the  sidelobes  at  all  elevation  angles  (E  =  0°  to  90°)  and  over  a  180° 
azimuthal  spread.  The  latter  is  based  on  the  assumption  that  there  are  "holes"  in  the 
azimuth  sidelobe  pattern  and  that  only  one -half  of  the  360°  azimuth  angle  coverage  is  effec¬ 
tive  in  transmission  and  reception. 

The  area  under  illumination  at  an  altitude  of  95  km  for  the  condition  of  90°  elevation 
angle  coverage  and  180°  azimuth  angle  coverage  is  equal  to  1.  93  x  106  km2,  the  computa¬ 
tion  being  performed  in  Appendix  E.  It  follows  that  an  HF  backscatter  radar  would  inter¬ 
cept  approximately  4.60  times  more  overdense  meteors  in  the  direct  line-of-sight  than 
detected  by  the  Greenhow  and  Watkins  radar. 

In  the  operation  of  an  HF  backscatter  radar,  it  is  necessary,  for  the  most  part,  to 
utilize  the  F-layer  mode  of  propagation.  Some  of  the  overdense  meteor  echoes  detected  by 
reflections  from  the  F-layer  could  appear  in  the  radar  range  interval  of  the  line-of-sight 
meteor  echoes.  The  radar  range  of  the  F-layer  reflected  meteor  echo  will  coincide  with 
the  line-of-sight  meteor  range  for  the  condition  in  which  R  >  Rj  +  R2  where  R  is  the  radar- 
horizon  range  to  the  meteor  trail  and  Rj  and  R2  are  the  ranges  illustrated  in  Figure  4-2, 

In  estimating  the  magnitude  of  the  F-layer  reflection  meteor  echoes  appearing  in  the 
line-of-sight,  it  is  assumed  that  (1)  the  reflections  occur  at  an  altitude  of  350  km,  (2)  the 
meteor  echo  altitude  is  95  km,  and  (3)  the  skip  distance  is  500  nmi  (926.  6  km),  i.  e. ,  the 
minimum  distance  at  which  a  ray  can  return  to  the  ground  after  reflection  from  the  iono¬ 
sphere.  As  discussed  in  Appendix  F,  for  these  assumptions,  the  line-of-sight  F-layer 
reflected  echoes  will  be  confined  within  the  elevation  angles  of  30°32'  and  34°13\  The 
latter  specifies  the  maximum  elevation  angle  for  the  F-layer  mode  of  propagation  to  exist 
for  the  above  assumed  conditions  while  the  former  is  the  elevation  angle  which  satisfies 
the  range  condition,  R  =  Rj  +  Rg,  shown  in  Figure  4-2.  The  surface  area  at  the  meteor 
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band  encompassed  by  the  two  elevation  angles  having  an  angular  difference  of  3°41'  and  the 

5  2 

180°  azimuth  spread  evaluates  to  2.  91  x  10  km  which  is  approximately  0.  69  of  the  surface 
5  2 

area  of  4.  20  x  10  km  under  surveillance  in  the  Greenhow  and  Watkins  experiment.  Thus, 
an  HF  backscatter  radar  would  observe  by  F-layer  reflections  a  factor  of  0.  69  the  number 
of  overdense  meteor  echoes  reported  by  Greenhow  and  Watkins  and  presented  in  Figure  3-9. 

Figure  4-3  is  a  plot  of  the  estimated  diurnal  rate  of  overdense  meteor  echoes,  as 
extrapolated  from  Figure  3-9,  that  could  be  detected  in  the  line-of-sight  by  both  direct  re¬ 
flections  and  by  F-layer  reflections,  the  average  rates  being  9.  4  meteors/min  and  1.  4 
meteors/min,  respectively,  and  the  average  total  line-of-sight  rate  being  10.  8  meteors/ 
min.  In  addition  to  diurnal  variations,  the  meteor  rate  will  be  modified  by  seasonal  effects 
and  meteor  showers  which  are  not  considered  in  this  analysis.  The  presence  of  meteor 
showers  could  increase  the  overdense  meteor  rate,  depicted  in  Figure  4-3,  by  a  factor  of 
approximately  5  to  10. 

It  should  be  noted  that,  for  skip  distances  gr  eater  than  approximately  568  nmi 
(1052.  6  km),  the  elevation  angle  defining  the  F-layer  propagation  mode  for  an  assumed 
350-km  F-layer  altitude  would  be  less  than  30°32'.  Thus,  for  this  case,  F-layer  reflected 
meteor  echoes  would  not  be  present  in  the  range  interval  of  the  line-of-sight  meteor  echoes. 

According  to  Manning  and  Eshleman  (1959),  the  average  meteor  flux  incident  on  the 

14 

earth's  atmosphere,  corresponding  to  line  densities  equal  to  and  greater  than  10 

-12  -2  -1 

electrons/m  is  1.  6  x  10  m  s  .  Thus,  the  average  overdense  meteor  rate  ob¬ 
served  in  the  direct  line-of-sight  and  by  F-layer  reflections  should  be  on  the  order  of 
185.  3  meteors/min  and  27.  9  meteors/min,  respectively.  It  is  evident  that  these  values 
are  about  a  factor  of  20  times  greater  than  the  estimates  obtained  using  the  Greenhow  and 
Watkins  data.  The  discrepancy  in  the  results  can  most  likely  be  attributed  to  the  fact  that 
Manning's  and  Eshleman's  data  do  not  take  into  account  aspect  sensitivity  effects. 

The  incremental  elevation  angle-meteor  rate  in  the  direct  line-of-sight  as  deduced 
from  Greenhow's  and  Watkins'  measurements  are  shown  in  Figures  4-4  and  4-5.  The 
mathematical  expression  relating  the  meteor  rate  in  terms  of  the  incremental  elevation 
angle  is  derived  in  Appendix  G.  It  is  interesting  to  note  that,  for  the  direct  line-of-sight 
case,  an  insignificant  amount  of  overdense  meteor  echoes  should  be  detected  at  elevation 
angles  greater  than  about  20°  and  that  the  number  of  echoes  originating  from  F-layer  reflec¬ 
tions  should  be  on  the  same  order  of  magnitude  as  the  total  number  detected  above  10° 
elevation  angle  in  the  direct  line-of-sight. 


Figure  4-3*  Estimated  Rate  of  Overdense  Meteor  Echoes  in  Line-of-Sight  at  HF  Band 
Based  on  Greenhow's  and  Watkins'  Data  (19G4)  at  32  MHz 
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Figure  4-4.  Estimated  Incremental  Rate  of  Overdense  Meteor  Echoes  in 
Line-of-Sight  at  the  HF  Band  Based  on  Greenhow's  and 
Watkins'  Data  (1964) 
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Figure  4-5 


.  Estimated  Rate  of  Overdense  Meteor  Echoes  Between  Zero  and 
15°  Elevation  Angle  in  the  Line-of-Sight  at  the  HF  Band  Based 
on  Greenhow's  and  Watkins'  Data  (1964) 


In  addition  to  the  line-of-sight  echoes,  meteor  returns  will  also  appear  at  over-the- 
horizon  ranges  by  means  of  F-layer  reflections  which,  according  to  Figure  4-2,  are 
specified  by  the  condition  R  <  R-  +  R0.  As  shown  in  Appendix  F,  the  surface  area  at  95  km 

7  2  1  ^ 

altitude  is  1. 334  x  10  km  for  elevation  angle  coverage  between  0°  and  30#32'  and  180° 
azimuthal  coverage.  This  value  is  approximately  31.  76  times  greater  than  the  area  esti¬ 
mated  to  be  under  illumination  in  the  meteor  band  by  Greenhow's  and  Watkins'  equipment. 

It  follows  that  the  over-the-  horizon  meteor  rate  will  be  about  6  times  greater  than  the  total 
line-of-sight  rate,  i.  e. ,  the  sum  of  the  direct  and  F-layer  reflection  line-of-sight  rate.  It 
is  reiterated  that  this  conclusion  is  based  on  the  following  assumptions:  (1)  350-km  F-layer 
reflection  height,  (2)  500-nmi  skip  distance,  and  (3)  95-km  meteor  altitude. 

The  estimated  rate  of  overdense  meteor  echoes  detected  at  over-the-horizon  ranges 
is  presented  in  Figure  4-6  as  a  function  of  elevation  angle  increments. 
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Figure  4-6.  Estimated  Incremental  Rate  of  Overdense  Meteor  Echoes  After 
F-Layer  Reflection  at  HF  Band  Based  on  Greenhow's  and 
Watkins'  Data  (1964)  at  32  MHz 
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Based  on  the  observational  data  recorded  by  Greenhow  and  Watkins  at  32  MHz,  the 

median  cross-sectional  area  of  overdense  meteors,  at  6  and  40  MHz,  could  be  on  the  order 
7  6  2 

of  1.  35  x  10  and  2.  02  x  10  m  ,  respectively.  The  median  time  duration  at  the  lower  fre¬ 
quency  could  be  as  high  as  24.  2  s  while,  at  the  higher  frequency,  it  decreases  to  about 
0.  5  s.  The  extrapolated  cross-sectional  areas  and  time  durations  compare  favorably  with 
theoretical  estimates. 

It  is  estimated  that,  foranHF  backscatter  radar,  the  maximum  number  of  random 
overdense  meteors  appearing  in  the  line-of-sigh*'  could  be  on  the  order  of  21  meteors/min. 
At  over-the-horizon  ranges,  the  maximum  overdense  meteor  rate  that  could  be  detected 
could  increase  to  about  126  meteors/min. 

It  is  postulated  from  ionospheric  wind  measurements  that,  at  6  MHz,  the  doppler 
frequency  shift  encountered  on  reflection  from  a  meteor  trail  could  be  between  2.  5  and 
4.  0  Hz  for  propagation  along  the  horizon  and  decreases  to  zero  Hz  at  the  zenith. 

The  estimated  characteristics  of  the  cross-sectional  area,  time  duration  and  rate  of 
overdense  meteor  echoes,  as  described  in  this  report,  are  based  on  one  set  of  observational 
data  recorded  by  Greenhow  and  Watkins  (1964).  It  would  be  advantageous  to  validate  these 
predictions  with  additional  experimental  data. 
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APPENDIX  A 


THE  PROBABILITY  DENSITY  FUNCTION  OF  THE  DOPPLER  FREQUENCY 

SHIFT  OF  METEOR  ECHOES 

The  reflection  of  radio  waves  from  a  moving  object  results  in  a  signal  returned  to  a 
fixed  transmitting-receiving  system  whose  frequency  differs  from  the  transmitted  frequency. 
This  phenomenon  referred  to  as  the  doppler  effect  is  analytically  described  by 


c  -  V 

fi  _  - L  f 

c  + Vr 


(A-l) 


where  f'  is  the  apparent  reflected  frequency,  f  is  the  transmitted  frequency,  c  is  the  free 
space  velocity  and  Vr  is  the  component  of  the  object's  velocity  in  the  radial  direction. 

It  can  be  shown  that,  for  the  condition  c  >>  V  ,  this  expression  reduces  to 


fd  =  - 


(A-2) 


where  f  ,  =  f'  -  f  and  X  is  the  transmitted  wavelength, 
d 

When  radio  waves  are  incident  on  meteor  trails,  the  reflected  signals  undergo  a 
doppler  frequency  shift,  f,,  due  to  the  presence  of  ionospheric  winds.  For  the  meteor  echo 
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case,  the  line-of-sight  velocity,  V  ,  is  related  to  the  horizontal  wind  velocity,  V,  by  the 
relationship 


V  =  V  cos  6  =  V  cos  q  cos  (3 
r  p  r 


(A -3) 


where,  according  to  Figure  A-l,  Vp  is  the  component  of  the  horizontal  wind  velocity  in  the 
plane  containing  the  radar -antenna  beam  axis  and  the  vertical  through  the  reflection  point. 

It  is  seen  from  Figure  A-l  that  the  angle  (3  is  given  by 


P  =  o  -  y 


(A -4) 


y  =  sin 


1  ro 

r  + 
o 


cos  E 


(A -5) 
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Figure  A-l.  Meteor  Trail  and  Wind  Velocity  Geometric  Configuration 


where  y  is  the  angle  between  the  antenna  beam  axis  and  the  zenith  at  the  meteor  trail  - 
reflection  point,  rQ  is  the  radius  of  the  earth,  E  is  the  elevation  angle  of  the  antenna  beam 
and  h  is  the  altitude  of  the  reflection  point  above  the  earth's  surface. 

Substituting  Equations  (A-3),  (A-4)  and  (A-5)  in  Equation  (A-2),  there  results 

fJ  =  AV  cos  a  (A-6> 

d 


where 


A 


cos  E 


(A -7) 


In  determining  the  probability  density  function  of  fjy  p(fjj),  it  is  assumed  that  the 
parameter  A  is  a  constant  and  that  the  wind  velocity,  V,  and  the  wind  orientation  angle,  a  , 
are  both  random  independent  variables.  In  other  words,  the  joint  probability  density 
function  of  V  and  a  is  therefore  the  sum  of  the  individual  probability  density  functions. 


According  to  statistical  theory,  if  the  probability  density  function  of  the  variable  x  is 
p(x),  then  for 

y  =  f(x)  (A“8) 


the  probability  density  function  of  y,  p(y),  is  given  by 
P(y)  dy  =  P(x)  dx 

In  evaluating  p (f D) ,  it  is  first  assumed  that  V  is  also  a  constant.  Thus, 

P^e/V)  d*D  =  P(Q)  d0 


According  to  Equation  (A -6) 


It  follows  that  the  differential  of  a  becomes 


da 


1 


for  V2  >  (fD/A)2. 


(A -11) 


1 

2 


(A-12) 


Assuming  that  the  angle  a  is  uniformly  distributed  in  the  interval  -n<  Q  <  tt,  then 


0<Q>  =  27 


(A-13) 


Since  the  probability  density  function  p(fD/V)  must  be  positive  and  each  value  of  fQ 
corresponds  to  two  different  values  of  a  (-<i  and  ^ti),  Equation  (A-10)  should  be  written  as 


p(fD/V)  =  2  p(a) 


(A -14) 


Substituting  Equation*  (A-12)  and  (A-13)  in  this  expression,  it  follows  that 


»VV>  -  il  r - l 


-ft) 


21  2 


(A -15) 


When  considering  V  as  a  random  variable,  the  probability  density  function  of  fD  can 
be  determined  from 


OO 

V  "  /  P<fD 


/V)  p(V)  dV 


(A-16) 


where  p(V)  is  the  probability  density  function  of  V. 

Substituting  Equation  (A-15)  in  this  relationship  and  assuming  that  V  is  Rayleigh 
distributed 


p(V)  =  -  exp 


(-P2) 


(A -17) 


where 


^  f  (V)2 


(A -18) 


and  V  is  the  mean  value  of  V,  it  follows  that 


p(fD>  -  AF<T  J  - - y-^TT  exp  (- 

VA  v^-(^) 


(A -19) 


The  Rayleigh  distribution  is  discussed  in  more  detail  in  Appendix  B. 
A -4 


To  evaluate  the  integral,  it  is  necessary  to  change  variables.  Letting 


(A -20) 


xdx  =  VdV 


Equation  (A -19)  is  modified  to 


p(fD) 


Since 


(A -21) 


(A -22) 


(A -23) 


(A -24) 


which  is  a  Gaussian  distribution.  The  parameters  A  and  ip  are  related  to  the  standard  devi¬ 
ation  of  the  Gaussian  distribution,  <r,  by  the  relationship 


a  ~  (A -25) 

It  is  noted  that,  since  the  probability  density  function,  p(fD),  is  a  positive  quantity, 
the  absolute  value  of  A,  defined  by  Equation  (A-7),  must  be  used. 

It  follows  from  Equation  (A-18)  that  the  standard  deviation  of  the  doppler  frequency 
shift  becomes 

1  =  2  (I)2  X  (rj-Th)  C0SE  (A-26) 
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APPENDIX  B 


RAYLEIGH  DISTRIBUTION 


The  probability  of  occurrence  of  an  ionospheric  wind  velocity  is  assumed  to  be  given 
by  the  Rayleigh  probability  distribution  law.  The  probability,  p(V)  dV,  of  finding  a  velocity 
between  V  and  V  +  dV,  is 


P(V) 


V 

0 


(B-l) 


where  V  is  the  velocity  at  any  instant  of  time  and  $  is  v,  constant  related  to  the  mean  value 
of  V,  V,  as  given  below. 


The  first  and  second  moments  are  evaluated  from 


V  =  j"  V  p(V)  dV 

*0 


(B-2) 


V 


and 


=  (l^)  =  1.253  (4) 


(B-3) 


00 

V2  =  J  V2  p(V)  dV 


(B-4) 


V2  =  24  =  |  v2  =  1.  273  v2  (B-5) 

The  most  probable  value,  V  ,  which  is  the  value  of  V  when  p(V)  is  a  maximum  is 


Vm  =  <«*  =  (I) 


V  =  0.798  V 


(B-6) 


B-l 


The  standard  deviation,  V  ,  which  is  defined  by 

v„  =  (v2-v2)a 

simplifies  to 

V  =  *  V  =  0.  523  V 


(B-7) 


(B-8) 


when  substituting  Equation  (B-5)  in  Equation  (B-7). 

The  statistics  of  the  Rayleigh  distribution  can  be  determined  from  the  cumulative 
distribution  which  is  described  by  the  integral 


X  »  J  p(V)  dV  (B-9) 

0 

It  can  be  shown  that,  on  substituting  Equation  (B-l)  in  this  expression,  the  integral 
evaluates  to 


X  =  1  -  exp 


\  Ml 


(B-10) 


Table  B-l  lists  the  decile,  quartile  and  median  values  of  the  wind  velocity  in  terms  of 
the  mean  velocity. 


B-2 


TABLE  B-l 

STATISTICAL  PARAMETERS  OF  THE  RAYLEIGH  DISTRIBUTION 


Statistical 

Parameters 

Cumulative 

Distribution 

(X) 

Wind  Velocity 

Lower  Decile 

0.  10 

VLD  =  °-366  ^ 

Lower  Quartile 

0.25 

VLQ  =  °-605  V 

Median 

0.50 

V-,  =  0.  939  V 

M 

Upper  Quartile 

0.75 

VUQ  -  1’329? 

Upper  Decile 

0.  90 

VUD  =  1-712^ 

Standard  Deviation 

0. 1934 

V  =0. 523  V 

<r 

Most  Probable  Value 

0.  3936 

V  =  0.  798  V 

m 
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APPENDIX  C 

SYSTEM  SENSITIVITY  OF  GREENHOW'S  AND  WATKINS'  (1964) 
RADAR-METEOR  EQUIPMENT 

The  problem  is  to  determine  (1)  whether  Greenhow's  and  Watkins'  (1964)  radar  equip¬ 
ment  could  detect  overdense  meteor  trails,  and  (2)  the  angular  extent  over  which  the  over- 
dense  trails  were  detectable. 

The  minimum  signal  intensity  received  by  reflections  from  a  meteor  trail  at  the  long 
wavelengths  is  given  by  (Eshleman  et  al. ,  1957) 


Pr(min)  = 


ptGtV' 

(4*)3  R04 


cr  \l/4 


— 

4*7 


(q  ,  >1/2  X  R  e-1/2 
V^min'  o 


(P-1) 


where  P^  is  the  transmitted  power,  G^  and  Gr  are  the  gains  of  the  transmitting  and  receiving 

antenna,  respectively,  X  is  the  transmitted  wavelength,  cr  is  the  radar  cross  section  of  an 
-28  2  6 

electron  (s  10  m  ),  R  is  the  perpendicular  distance  from  the  radar  to  the  meteor  trail 
and  q  .  is  the  minimum  line  density.  This  expression  was  derived  on  the  assumption  of 

ITWil 

an  expanding  cylindrical  reflector  having  a  Gaussian  distribution  of  electrons. 

According  to  Table  3-1,  Gt  =  Gr  =  16  dB  (39.  81),  Pt  =  7  kW,  and  X  =  9.  375  m 
(f  =  32  MHz).  For  an  assumed  meteor  trail  reflection  height  of  95  km  and  an  antenna  beam 
elevation  angle  of  10°,  Rq  =  457  km. 

It  is  assumed  that  the  system  noise,  N,  is  limited  by  the  cosmic  noise  and  that  the 
minimum  detectable  signal  is  10  dB  above  the  external  noise  level.  In  other  words 


Pf(min)  =  10  +  N 


(C-2) 


—  A 


\  *, 

«- 


where 

N  =  10  log  KTB  (C-3) 

-23 

The  parameter  K  is  Boltzmann's  constant  (1.38  x  10  watt-sec/deg  Kelvin),  T  is  the 
antenna  temperature  (15,  000°  K)  and  B  is  the  receiver  bandwidth  which  is  related  to  the  pulse 
length,  r,  according  to  B  =  1/r  where  t  =  140psec.  It  follows  that  N  =  -148.3  dB  and 
Pr(min)  =  -138.3  dB  (1.  479  x  10-14). 


C-l 


Substituting  the  magnitude  of  the  parameters  in  Equation  (C-l),  it  is  found  that  the 

minimum  line  density  which  could  be  detected  by  the  Greenhow  and  Watkins  (1964)  radar 

7 

equipment  was  approximately  9  x  10  electrons/m.  Thus,  all  the  overdense  meteor  trails 
were  detectable. 

To  determine  the  angular  extent  over  which  the  overdense  trails  were  observed,  the 

14 

minimum  line  density  is  taken  as  10  electrons/m.  Solving  for  the  antenna  gain,  G,  in 
Equation  (C-l),  it  follows  that  G  =  1.  23  (0.  9  dB).  Thus,  overdense  meteor  echoes  should 
be  observed  off  the  main  beam  axis  of  the  antenna  to  the  point  where  the  gain  is  about  0.  9  dB. 

It  is  assumed  that  the  circular  antenna  employed  by  Greenhow  and  Watkins  was  uni¬ 
formly  illuminated.  Hence,  the  normalized  one-way  radiation  pattern  can  be  written  as 

(7rD  sin  y/X) 

S(r)  =  2  (7rDsiny/X)  <c"4) 

where  Jj  (irD  sin  y/X)  is  the  Bessel  function  of  the  first  order,  D  is  the  diameter  of  the 
aperture  (25  m)  and  y  is  the  angle  off  the  boresight  axis  of  the  antenna. 

Since  the  gain  of  the  antenna  was  16  dB  (39.  81)  and  the  equipment  sensitivity  was  such 
that  overdense  meteors  could  be  detected  as  far  down  as  0.  9  dB  (1.  23),  the  normalized  beam 
pattern  becomes  (1.  23/39.  81)  =  0.  0309.  It  follows  from  Equation  (C-4)  that 

(ttD  sin  y/X) 

(ttd  sin  y/X)  =  °*  0155  (c_5) 

According  to  the  tabulations  of  the  Bessel  functions  of  Abramowitz  and  Stegun  (1965), 
for  this  value  of  the  Bessel  function 

?-D  f1  y  =  3.  6925 

Thus ,  sin  y  =  0.  44076  and  y  =  26. 15°. 


(C-6) 


APPENDIX  D 


OVERDENSE  METEOR  ECHO  GEOMETRY  OF  GREENHOW  AND  WATKINS  (1964) 

In  determining  the  spatial  extent  in  the  ionosphere  of  the  overdense  meteor  echoes 
observed  by  Greenhow  and  Watkins  (1964),  it  is  assumed  that  the  area  formed  by  the  inter¬ 
section  of  the  antenna  beam  with  the  meteor  band  can  be  represented  by 

AGW  =  As  + Ar  (D— 1) 

where,  as  shown  in  Figure  D-l,  Ag  is  approximated  by  a  semicircle  and  A  by  a  rectangle. 
It  should  be  evident  that 
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2  2 

R  y  esc  ip 
m  T 
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E  y  esc  ip 


(D-3) 


where  Rm  is  the  distance  from  the  radar  to  the  meteor  band,  E  is  the  elevation  angle  of  the 
antenna  beam  and  y  is  the  angle  off  the  antenna  beam  axis  encompassing  the  region  of  the 
overdense  echoes. 


The  angle  ip  which  is  the  complement  of  the  incidence  angle,  e,  at  the  meteor  band 
is  given  by 


$ 


90°  -  e 


r 

o 

r  +  h 
o  m 


cos  E 


(D-4) 


where  rQ  is  the  radius  of  the  earth  (6371  km)  and  hm  is  the  meteor  altitude. 

For  E  =  10°  and  hm  =  95  km,  it  is  found  that  ip  =  13.  99°.  Noting  that  R  =  457  km  and 

y  =  26. 15%  as  derived  in  Appendix  C,  the  areas  Ar  and  Ag  evaluate  to  1.  376  x  105  km  and 

2.  827  x  10  km  ,  respectively.  It  follows  tha.  A^,...  =  4.  203  x  105  km2 
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Figure  D-l.  Geometry  of  Overdense  Meteor  Echoes  Observed  by 
Greenhow  and  Watkins  (1364) 
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APPENDIX  E 


METEOR  ECHO  GEOMETRY  IN  THE  DIRECT  LINE-OF-SIGHT  OF 
AN  HF  BACKSCATTER  RADAR 


It  is  assumed  that  overdense  meteor  echoes  can  be  detected  at  all  azimuth  and  eleva¬ 
tion  angles  in  the  antenna  sidelobes  of  an  HF  backscatter  radar.  Thus,  the  entire  region 
above  the  horizon  at  a  radar  site  must  be  considered  in  determining  the  area  in  the  meteor 
band  under  radar  illumination. 

According  to  Figure  E-l,  the  surface  area  of  the  ionosphere  above  the  horizon,  A  , 
is  given  by  m 

Am  =  A1  ‘  A2  (E-l) 


where  is  the  surface  area  of  a  hemisphere 


A  =  2?r  (r  +  h  )‘ 
1  '  o  m7 


(E— 2) 


A2  is  the  area  of  the  curved  surface  of  a  spherical  segment 

A  =  27r  (r  +  h  )  r  /p  q\ 

2  '  o  nr  o 

The  parameter  rQ  is  the  radius  of  the  earth  and  hm  is  the  altitude  to  the  meteor  band. 

Substituting  Equations  (E-2)  and  (E-3)  in  Equation  (E-l)  and  taking  into  account  the  fact 
that  only  one-half  the  azimuthal  spread  would  be  effective  in  the  detection  of  the  overdense 
meteor  trails  because  of  "holes"  in  the  sidelobe  antenna  pattern,  it  follows  that  the  area 
under  surveillance  becomes 


A  =  v  (r  +  h  )  h 
m  o  nr  m 


For  rQ  =  6371  km  and  hm  =  95  km,  Affl  =  1.  9298  x  106  km2. 


m 


(E-4) 


E-l 


Figure  E-l.  Meteor  Band  Illumination  Area  for  Direct  Iine-of-Sight  Geometry 
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APPENDIX  F 


METEOR  ECHO  GEOMETRY  FOR  F-LAYER  REFLECTIONS 


HF  transmissions  undergoing  F-layer  propagation  can  be  reflected  by  meteor  trails 
which  could  appear  at  the  same  range  as  the  line-of-sight  meteor  echoes.  For  the  ranges 
of  the  line-of-sight  and  F-layer  reflected  meteor  echoes  to  be  coincident,  the  condition  that 
must  be  satisfied  is  R  >  R^  +  R2  where,  according  to  Figure  F-l,  R  is  the  radar-horizon 
range  to  the  meteor  trail,  R^  is  the  range  to  the  F-layer  reflection  point  and  R2  is  the  range 
from  the  F-layer  reflection  point  to  the  meteor  trail. 


The  maximum  elevation  angle  at  which  F-layer  reflected  meteor  echoes  appear  at  the 
same  range  as  the  line-of-sight  echoes  can  be  determined  from  the  expressions 
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max 
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where  rQ  is  the  radius  of  the  earth,  hF  is  F-layer  reflection  altitude  and  d  is  the  skip  dis¬ 
tance.  For  d  =  500  nmi  (926,  59  km),  hp  =  350  km  and  rQ  =  6371  km,  6^  +  0'2  =  4.  167°, 

R.  =  590.  63  km  and  E  =  34.  222°  (34°13'). 

1  max  v 

The  earth's  central  angle,  0^',can  be  determined  utilizing  the  law  of  sines.  It  can  be 
readily  shown  from  Figure  F-l  that 


0"  =  90°  -  E  -  sin 
1  max 


-1 


r  +  h 
o  m 


cos  E 


max 


(F-4) 


where  li  is  the  meteor  altitude.  Assuming  h  =95  km,  0"  =  1.  219°  and  0”  =  0"  =  2.  948°. 
m  m  l  2  3 


Figure  F-l.  Meteor  Echo  Geometry  for  F- Layer  Reflections  - 
Maximum  Elevation  Angle 
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The  minimum  elevation  angle  is  the  angle  which  satisfies  the  range  condition 
R  =  R  +  R„  and  can  be  deduced  by  an  iterative  process.  The  first  step  in  the  solution  of 

i.  Li 

the  problem  is  to  assume  a  value  for  Emjn,  depicted  in  Figure  F-2,  and  then  to  apply  it  to 
the  following  calculations. 
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R  =  2R1-(R1-  R2)  =  R1  +  R2 
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Figure  F-2.  Meteor  Echo  Geometry  for  F-Layer  Reflections  - 
Minimum  Elevation  Angle 
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For  h  =95  km,  R  =  1104.  32  km.  Assuming  h^,  =  350  km,  it  is  found  that  E  = 
m  r  mm 

30.  535°  (30°32')t  0 J  =  1.  400°,  0'2  =  3.  338°,  R1  =  644.  06  km,  Rx  -  R2  =  183.  30  km  and 
Rj  +  R^  =  1104.  82  km  which  compares  favorably  with  the  line-of-sight  horizon  range  of 
1104.  32  km. 

The  central  angle,  e ,  specified  by  the  arc,  Py,  P'2,  shown  in  Figure  F-3  which  is  a 
simplified  composite  of  Figures  F-l  and  F-2,  can  be  determined  from 

e  =  (0^  +  0'2  +  0J)  -  (0”  +  6%  +  0£)  (F— 14) 

Since  (0^  +  0'2  +  0j)  =  8.  076°  and  (0”  +  0”  +  0£)  =  7. 115°,  it  follows  that  e  =  0.  961°. 

As  discussed  in  Appendix  E,  the  surface  area  in  the  meteor  band  encompassed  by  the 


angle,  e  ,  can  be  deduced  from  the  relationship 

A  =  27T  (r  +  h  )  (z  -  zj  (F-15) 

v  o  m  2  1  v  ’ 

where,  according  to  Figure  F-4, 

z2  =  (ro  +  hm)  Sin  +  <^  (F_16) 

Z1  =  (ro  +  hm}  sin  ^  (F‘17) 

Since 

0  =  90°  -  (e  +  0"  +  e"  +  0»)  (F-18) 

it  follows  that  the  surface  area  can  be  written  as 

A  =  7T  (rQ  +  hm)2  [cos  (O'j  +  0"2  +  0J)  -  cos  (0J  +  0”  +  0^  +  €)]  (F-19) 


It  is  noted  that  this  relationship  is  based  on  the  supposition  that  an  azimuthal  spread  of  180° 
is  only  effective  in  detecting  the  overdense  meteor  echoes. 

For  h,  =  95  km,  (0"  +  0''  +  0”)  =  7. 115°  and  (0'J  +  0"  +  0"  +  e)  =  8.  076°,  the  surface 

m  l  ^  z  2  ti  l  z  u 

area  evaluates  to  2.  91  x  10°  km  . 
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Figure  F-3.  Meteor  Echo  Geometry  for  F- Layer  Reflections  -  Composite 


For  HF  transmissions  reflected  from  the  F-layer.  meteor  echoes  could  appear  at 
ranges  greater  than  the  line-of-sight  meteor  echo  range.  The  condition  that  must  he  satis¬ 
fied  for  this  to  occur  is  R  <  +  R2  where  R,  and  Rg  are  the  ranges  depicted  in  Figure 

F-l.  The  overdense  meteor  echo  rate  at  over-the-horizon  ranges  can  be  readily  deter¬ 
mined  from  the  area  illuminated  in  the  meteor  band. 

The  surface  area  at  the  meteor  band  illuminated  within  any  two  elevation  angles, 

E0  -  E1,  can  be  derived  similar  to  the  procedure  employed  to  describe  the  area  between 
the  maximum  and  minimum  elevation  angles.  Equations  (F-14)  and  (F-19)  are  also  valid 
for  the  general  case.  The  relationships  that  must  be  modified  are  those  defining  the  angles 
e'l,  e",  e ^  and  8'2. 

By  replacing  Emax  by  the  angle  Eg  and  Emin  by  given  by  Equation  (F-4) 

becomes 


0"  =  90°  -  E2  -  sin' 


r"nr 008  E2 

o  m 


while  0"  is  written  in  the  form 

Z 


0'J  +  0£  =  90°  -  E2  -  sin 


-1 


V5! 


COS  E 


■] 


(F-20) 


(F-21) 


The  angle  0^  is  given  by 
0^  =  90°  -  E2  -  sin-1 


- 7-r- •  COS  E, 

r  +  h  1 


m 


while  0g  is  defined  by 


0^+0^  =  90°  -  E1  -  sin 


-1 


rrir  cos  Ei 


(F-22) 


(F-23) 


It  is  noted  that  02  =  0g  and  0'2  =  0”. 

The  surface  area  encompassed  between  the  elevation  angles  of  0°  and  30.  535°  (E 
can  be  calculated  utilizing  the  above  relationships.  For  E2  =  30. 535°,  =  1.  400°, 

0£  =  3.338°  and  (0”  +  6”  +  0j)  =  8.  076°  while  for  E±  =  0°,  0J.  =  9.  834°,  6'2  =  8.  738°, 

(0'  +  0’  +  0’ )  =  27.  310°  and  e  =  19.  234°.  The  surface  area  thus  evaluates  to  1. 334  x  107km2. 
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APPENDIX  G 


INCREMENTAL  METEOR  BAND  ILLUMINATION  AREA  FOR 
DIRECT  LINE-OF-SIGHT  GEOMETRY 

The  area  in  the  meteor  band  illuminated  within  the  incremental  elevation  angle, 

^2  ”  E1  depicted  in  Figure  G-l,  can  be  determined  utilizing  the  geometric  concepts  pre¬ 
sented  in  Appendix  E. 

The  general  expression  for  the  surface  area  of  a  zone  of  a  sphere  is  given  by 

A,t  =  2tt  (r  +  h  )  (r  +  h, )  /r  1x 

hi  '  o  nr  v  o  1;  (G-l) 

where  Ahl  is  the  surface  area  associated  with  the  zonal  height,  rQ  +  h.,  r  is  the  radius  of 

the  earth  and  h  is  the  meteor  altitude, 
m 


Similarly,  for  the  zonal  height,  rQ  +  h2>  the  surface  area,  Ah2,  is  simply 

A  =  27r  (r  +  h  )  (r  +  h„) 
h2  '  o  nr v  o  2 ’ 

It  follows  that  the  incremental  surface  area 
A  =  Ah2  "  Ahl 

can  be  represented  by  the  relationship 
A  =  2w  (ro  +  hm)  (h2  -  hj) 

It  is  evident  from  Figure  G-l  that 

hl  =  Rml  8l”  E1 

h2  =  Rm2  "to  E2 

Since  from  the  law  of  sines 
sin  0. 


(G-2) 

(G— 3) 

(G-4) 

(G-5) 

(G-6) 


R 


ml 


=  (r  +  h  )  - == 

o  nr  cos  E, 


(G-7) 


and  noting  that 


ei  =  90°  -  (E1  +  e1) 


(G-8) 


and 


8inel  "  (j-Th-)  008  11! 
'  o  m  1 


it  follows  that  R  ,  can  be  written  as 
ml 


II,  =  (r  +  h) 
ml  o  m 


cos 


sin 


-1  (. 


l  r  +  h 
\  o  m 


cos  E, 


O  -  ( - TT-'!  sin  E 

V  \  ro +  hm/  1 


Similarly,  it  can  be  shown  that 


R  „  =  (r  +  h  ) 
m2  o  m 


cos 


sin  1  - X- —  cos  E„ 

r  +n  2 

o  m 


)-(*:) 


sin  E_ 


(G-9) 


(G-10) 


(G-ll) 


Substituting  Equations  (G-5),  (G— 6),  (G-10)  and  (G-ll)  in  Equation  (G-4),  there  result 

r 


A  =  2n  (r  +  h  )‘ 
'  o  m; 


cos 


sin 


1vx;CO8E0 


sin  E„ 


-  cos 


sin 


-1  [r-h-  c08  Ei) 

'  o  m  / 


sin  E 


i-(V-rn-)<8ta  e2-s1"ei2) 

\  o  m  / 


(G-12) 

It  is  noted  that  this  expression  is  applicable  for  the  condition  in  which  an  antenna  beam 
and  sidelobes  completely  illuminate  the  entire  meteor  band.  When  assuming  that  there  are 
holes  in  the  sidelobe  antenna  pattern,  as  considered  in  this  study,  the  surface  area  given  by 
Equation  (G-12)  is  reduced  by  a  factor  of  one-half. 
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Figure  G-l.  Incremental  Elevation  Angle  -  Meteor  Band  Illumination  Area 
For  Direct  Line-of -Sight  Geometry 


